A tetramer model for HIV-1 integrase (IN) with DNA representing 20 bp of the U3 and U5 long terminal repeats (LTR) termini was assembled using structural and biochemical data and molecular dynamics simulations. It predicted amino acid residues on the enzyme surface that can interact with the LTR termini. A separate structural alignment of HIV-1, simian sarcoma virus (SIV), and avian sarcoma virus (ASV) INs predicted which of these residues were unique. To determine whether these residues were responsible for specific recognition of the LTR termini, the amino acids from ASV IN were substituted into the structurally equivalent 
and Val 72 in HIV-1 IN are among those that change in enzymes that develop resistance to naphthyridine carboxamide-and diketo acidrelated inhibitors in cells. Thus, amino acid residues involved in recognition of the LTRs are among these positions that change in development of drug resistance.
HIV-1
2 DNA integration is a concerted process that occurs in defined stages. After assembly of a stable complex of the viral integrase (IN) and host cell proteins with specific DNA sequences at the end of the HIV-1 LTR, the terminal dinucleotides are removed from each 3Ј end by endonucleolytic processing. The viral DNA 3Ј ends are then covalently linked to the host cell target DNA in a concerted reaction. Biochemical details concerning the processing and joining steps in the integration process have been reported for several retroviruses including avian sarcomaleukosis virus (ASV), murine leukemia virus (MuLV), and HIV-1. Specific DNA sequences at the 3Ј end of the viral LTR are required for recognition by the assembled viral integrase complex. Typically, the terminal 12-20 nucleotides are sufficient. After 3Ј processing of the CAXX sequence from the ends, viral DNA ends are joined by the viral integrase and the gapped intermediates are repaired, and unpaired viral 5Ј ends are excised by host nucleases. This results in a 4 -6-base pair duplication of host cell DNA, depending upon the virus, flanking the integrated viral DNA. Both the 3Ј processing and viral DNA-host DNA joining steps require integrase to be assembled on the specific viral DNA substrate. Integration of viral into host DNA occurs with limited sequence specificity (1) . Several cell proteins have been reported to affect the integration process (2) (3) (4) (5) (6) (7) (8) .
Much of the information available concerning the molecular mechanism of integration comes from the use of reconstituted systems employing duplex oligodeoxyribonucleotides (oligos). The ASV IN, for example, catalyzes specific cleavage at the 3Ј end of the strands adjacent to the conserved CA dinucleotide using 15-bp substrates corresponding to the ASV U3 or U5 termini (9, 10) . Similar substrates were used to demonstrate the joining reaction in which one oligo integrated into another (11) (12) . For HIV-1 duplex oligo substrates of comparable size, selected nucleotide substitutions in the U5 and U3 LTR regions were shown to affect one or both of the catalytic functions of HIV-1 integrase. Nucleic acid substitutions in the HIV-1 U5 LTR region, for example, can inhibit 3Ј processing (e.g. positions 1-5 and 9 -11) or not (e.g. positions 6 -8 and 12-14) (13) . Other changes at specific nucleic acid positions in the HIV-1 U3 and U5 LTR regions can affect each of the catalytic reactions, although changes in one region can be more pronounced than in the other.
Single LTR end duplex oligos are valuable tools for examining IN catalytic activity. Nevertheless, most do not display the concerted nature of the DNA integration reaction that was first demonstrated by Goff and co-worker (14) . In these experiments, deletions were introduced 5Ј to the conserved CA dinucleotide in the MuLV U3 LTR region. When cells were infected with the mutant viruses, processing at the ends of both the U3 and U5 LTR regions was affected adversely. This finding implies that the two ends of the viral DNA were brought together at the insertion site such that mutations in one affected the processing of the other. A homodimer of IN supports 3Ј processing and one-ended joining, whereas a homotetramer of IN supports these activities in a two-ended concerted DNA integration reaction (15) . Thus the biologically important form of IN is likely to be a tetramer. Several assay systems that display concerted DNA integration properties have been described and used to demonstrate that changes in retroviral DNA integration are context-dependent. For example, base pair substitutions in the dominant LTR (HIV-1 U5 and ASV U3) cause significant decreases in the rate of catalysis. In contrast, comparable substitutions in the nondominant LTR, the HIV-1 U3 and ASV U5 LTR regions, are associated with changes in the mechanism from concerted to nonconcerted DNA integration (2, 16 -24) . Like HIV-1, ASV and MuLV concerted DNA integration is affected by changes in the LTR region, although the critical positions differ among the different retroviruses.
HIV-1 integrase is a 288-amino acid protein composed of three functional domains that are required for each of the catalytic reactions (25) . The conserved N-terminal domain (residues 1-50) contains a HHCC zinc-binding site, and binding of Zn 2ϩ to this domain may participate in promoting the formation of IN oligomers (26 -29) . The C-terminal domain, the least conserved of the three domains in terms of amino acid sequence, is composed of a bundle of three ␣-helices that form a Src homology-3 fold. This domain has nonspecific DNA binding activity and determinants for multimerization (30) . The catalytic core domain contains residues required for catalytic activity, including a conserved DDE motif that binds the required metal cofactor (1). Photo-crosslinking reagents have defined areas of the HIV-1 IN surface in close proximity to the LTR ends (13, (31) (32) (33) (34) . The viral DNA sequences stimulate high affinity binding of drugs that target the catalytic functions of integrase, suggesting that integrase may assume a distinct enzymatically active conformation following assembly (35, 36) . No full-length integrase structure has yet been determined by x-ray crystallography. Therefore, little is known about how the three domains are positioned relative to one another in the active oligomeric state (37, 38) or what specific amino acid residues are involved in recognition of the viral DNA substrate. Some insight into the assembly of a stable complex of integrase with specific DNA sequences can be gleaned from DNA transposable elements. Such elements share a common mechanism of integration with retroviruses, and the catalytic domains of ASV and HIV integrases are highly homologous to those of Mu, Tn5, and Tc3 transposases (39 -43) . The Tc3 transposase is a 329-amino acid protein with an N-terminal DNA binding domain, a discreet second DNA binding domain flanking the N-terminal domain, and a catalytic core domain with a DDE motif (44) . For the following study, we developed a structural model for HIV-1 IN with bound LTR DNA ends. This model was used to predict amino acid interactions between residues on the IN surface and the LTRs. By substituting amino acids from ASV IN into the structurally related positions of HIV-1, we identified a series of residues that participate in the specific recognition of the LTR ends.
EXPERIMENTAL PROCEDURES

Reagents-[␥-
33 P]ATP (2500 Ci/mmol), HiTrap TM chelating HP resin, and HiTrap TM heparin HP resin were purchased from Amersham Biosciences. T4 polynucleotide kinase was from United States Biochemical (Cleveland, OH). Isopropyl ␤-D-thiogalactopyranoside was from Roche Applied Science. A Slide-A-Lyzer dialysis cassette was obtained from Pierce. Centriprep centrifugal filter devices with YM-10 MW membranes were from Millipore (Bedford, MA). Acrylamide and bisacrylamide solutions were from Bio-Rad. Simple Blue Safestain was from Invitrogen. DE81 filters were purchased from Whatman. Unless specified, all restriction enzymes were purchased from New England Biolabs (Beverly, MA The plus-strand substrates (100 pmol, containing the conserved "CA" dinucleotides) were 5Ј end-labeled using T4 polynucleotide kinase (30 U) and 2 l of [␥-
33 P]ATP as described previously (45) . The specific activity of the radiolabeled substrates was diluted to 10 5 cpm/pmol using an unlabeled processed strand oligo, and the mixture was purified and recovered from a 20% denaturing polyacrylamide gel. Duplex oligos were formed by annealing to a molar excess of unlabeled complementary strand as described (46) .
Construction of Chimera HIV-1/ASV INs-Mutagenesis oligodeoxyribonucleotides were obtained from Integrated DNA Technologies Inc. (Coralville, IA) and are listed in the table found in the supplemental data. The mutations were constructed using the QuikChange site-directed mutagenesis kit from Stratagene (La Jolla, CA) according to manufacturer's directions. Codon preferences for Escherichia coli were used in the design of the oligos. For chimeras S54 -57, the mutations were introduced by the PCR overlap extension method (47) . The presence of all mutations was confirmed by sequencing the complete individual DNA clones. A gel extraction kit (Qiagen, Valencia, CA) was used to purify all PCR products. The Minipreps DNA purification system (Promega, Madison, WI) was used to prepare DNAs.
Purification of HIV-1 IN and Chimeras-His-tagged HIV-1 IN and chimeras were purified as described previously (48) with some modification. Briefly, expression of proteins was induced in BL21 (DE3) cells at 20°C by adding isopropyl ␤-D-thiogalactopyranoside to 0.5 mM after the bacteria had grown to optical density at an A 600 of 0.8. Bacteria were lysed in 25 mM bis-Tris, pH 6.1, 1 M KCl, 1 M urea, 1% thiodiglycol, and 5 mM imidazole and then filtered through an 0.2-m membrane from Nalgene (Rochester, NY). The lysates fraction was applied to a HiTrap TM chelating HP nickel-affinity column (5 ml) (Amersham Biosciences), and IN was eluted with a 5 mM to 1.0 M linear imidazole gradient. Fractions containing partially purified IN, detected by absorbency at 280 nm, were pooled and applied to a HiTrap TM heparin HP column (5 ml), and His-tagged IN was eluted with a 0.25-1.0 M linear KCl gradient. The pooled heparin IN fractions were concentrated using a Centriprep filter with YM-10 MW membrane and then dialyzed against 25 mM bis-Tris, pH 6.1, 0.5 M KCl, 1% thiodiglycol, 1 mM dithi-SCHEME 1 othreitol, 0.1 mM EDTA, 40% glycerol. The purified protein was aliquoted and stored at Ϫ80°C. The protein concentration was determined using a Bio-Rad protein assay as described by the manufacturer. The N-terminal poly His tag was removed from S160 -161 and S153 chimeras using a thrombin kit from Novagen as described by the manufacturer. Briefly, the cleavage reaction in 50 l contained cleavage buffer, 10 g of IN, and 0.1 unit of thrombin (diluted 1:10) and was incubated at room temperature for 30 min. An additional 0.1 unit of thrombin was then added, and the reaction was incubated for an additional 30 min. Twenty l of a 50% slurry of nickel-nitrilotriacetic acid resins (Novage) equilibrated with 25 mM bis-Tris, pH 6.1, was added to the reaction mixture and stirred gently for 30 min at 4°C. The resin was collected by centrifugation at 15,000 ϫ g for 1 min. The supernatant containing the thrombin was discarded. The resin was washed with 25 mM bis-Tris buffer, pH 6.1, and then the processed IN was eluted with 150 mM imidazole buffer.
Integrase 3Ј End Processing Assay Using Duplex Oligodeoxyribonucleotide Substrates-The processing reactions for the HIV-1 U5 LTR substrate were carried out as described previously (46) . Reactions were in a volume of 10 l with 25 mM MOPS, pH 7.2, 10 mM dithiothreitol, 15 mM potassium glutamate, 5% polyethylene glycol 8000, 5% Me 2 SO, 500 ng of HIV-1, or HIV-1 chimeras and 1 pmol of labeled HIV-1 U5 duplex substrate as indicated. Reaction mixtures were assembled from individual components and preincubated on ice overnight. To start the processing reaction, MgCl 2 was added to a final concentration of 10 mM, and reaction mixtures were incubated at 37°C for 90 min. The reactions were stopped by the addition of 2 l of stop buffer (95% formamide, 20 mM EDTA, 0.1% xylene cyanol, 0.1% bromphenol blue), heated at 95°C for 5 min, and then placed on ice. Products of the reaction were separated through a 20% polyacrylamide denaturing gel. Labeled reaction products were visualized using Kodak MR film exposed overnight. For reactions containing ASV U5 or U3 LTR substrate, the final reaction mixture contained 20 mM MOPS, pH 7.2, 3 mM dithiothreitol, 100 g/ml bovine serum albumin, 500 ng of ASV IN, and 1 pmol of labeled duplex substrates as indicated.
Structural Model for HIV-1 IN with Bound LTR DNA-The initial model for the full-length three-domain IN structure was constructed using the separate two-domain crystal structures of the N-terminal domain and catalytic core (PDB code 1K6Y (49) ) and the catalytic core and C-terminal domain (PDB code 1EX4 (50)). The two-domain structures were combined to form a three-domain structure by superimposing the catalytic core domains. The 1K6Y tetramer built from crystal lattice contacts was the basis for forming the tetramer of full-length IN. The zinc coordination complex was covalently modeled using 2.25-Å bond length restraints to the coordinating histidines and 2.35 Å to the coordinating cysteines. Residues 271-288 are disordered at the C terminus (50) and were omitted from the model. Residues 47-55 between the N-terminal and catalytic domains and the loop of residues 140 -148 are disordered in the N-terminal two-domain structure (49) . The missing loops were produced by obtaining initial C␣-C␣ distances from a dynamic programming search of overlapping 30-mers generated from the whole PDB protein structure data base (51) . The program AMMP (52) was used with the current all-atom sp4 potential set (53, 54) . The charge generation parameters were taken from Bagossi et al. (55) . The new atoms were built using the Kohonen and analytic model-building features of AMMP (56), minimized with conjugate gradients. The amortized fast multipole algorithm in AMMP was used for the longrange terms in the nonbonded and electrostatic potentials so that no cut-off radius was employed. The model contained 4 potassium and 4 phosphate ions from the crystal structures. The tetramer model was solvated in 16, 195 water molecules. This solvated integrase was subjected to molecular dynamics simulation for 1.0 ns on a 1-GHz Linux PC. Frames were saved every 1 ps.
The initial model for viral DNA was taken from the crystal structure of 1K61, which contained 20 base pairs of B-DNA. The DNA was converted to the HIV U5 sequence using the AMMP molecular mechanics and dynamics program (52) . AMMP was used to generate new atomic positions by means of an analytic coordinate generator (56) followed by conjugate gradients minimization for each substituted base pair. Then the entire DNA molecule was minimized using conjugate gradients with all nonbonded and geometric terms. The DNA was positioned approximately using the DNA at the catalytic site of Tn5 transposase as a guide to place the processed 3Ј-OH at the catalytic site of IN. The two processed deoxyribonucleotides GT were removed from the 3Ј end. A magnesium ion was placed between the 3Ј-OH, and the side chains of Asp 64 and Asp 116 at the catalytic site of each subunit. The DNA was rotated and translated into the groove formed between the catalytic domain of subunit B and the N-and C-terminal domains of subunit D approximately using the program O (57). The fit to IN was optimized using the GDock routine of AMMP with harmonic restraints to atomic positions for critical atoms (tethers) and restraints on the DNA interatomic distances followed by conjugate gradients minimization. The GDock routine uses a genetic algorithm to search rotational and translational space where the rotational components are represented with unit quaternions. The use of unit quaternions instead of orthogonal rotation matrices avoids artificial singularities in the search space and greatly enhances the convergence of the algorithm. The two unpaired nucleotides 1 and 2 were moved out of the B-form using torsion searches to eliminate collisions with the protein. The 3Ј-OH was restrained to coordinate with the magnesium ion at the catalytic site. Once the first DNA was placed in the groove, the second LTR end was placed by symmetry in the adjacent groove between the catalytic domains of subunit D and the N-and C-terminal domains of subunit B followed by alternating rigid body movements of the LTR and C-terminal domain using GDock to overcome collisions (as the tetramer is not completely symmetric). Finally, the complex was minimized by conjugate gradients to ensure good nonbonded interactions.
RESULTS
Structural Model of HIV-1 IN with LTR DNA-Although a crystal structure for full-length HIV-1 integrase
is not yet available, we developed a model for an IN homotetramer bound to its LTR DNA substrate using knowledge of existing integrase two-domain structures, the retrotransposon transposase (Tc3 and Tn5), and the deduced amino acid sequence alignment of known retroviral integrases. Fig. 1 shows our structural model for HIV-1 integrase. We assembled the three functional domains of integrase into an integrated structure by superimposing the separate two-domain crystal structures for integrase: the N-terminal domain and catalytic core (PDB code 1K6Y (44, 49, 59) ) and the catalytic core and C-terminal domain (1EX4 (50)) (Fig. 1A) . A tetramer model of IN was assembled using crystal lattice contacts (Fig. 1B ). In this model the N-and C-terminal domains were arranged on the same side of the subunit and lay relatively close to each other. Molecular dynamics simulations of the solvated IN tetramer model were used to explore the conformational variation of the three domains in the tetramer. During the simulation there was a significant conformational change of the C-terminal domains that were rotated toward the catalytic domains. This conformational change formed a narrower groove that appeared to be more favorable for enclosing viral DNA between the C-terminal and catalytic domains of different subunits.
We based the initial placement of the viral DNA substrate in the integrase catalytic site on the crystal structure of the complex between Tn5 transposase and its DNA substrate (PDB code 1F3I (39)). We rotated the DNA to fit the groove that was formed between the N-terminal, catalytic core, and C-terminal domains (see Fig. 1C ). Information from cross-linking studies (13, (31) (32) (33) (34) (Fig. 2, yellow highlight) . Those predicted to lie near LTR positions 5-15 are residues 66 -69, 158 -172, and 175-176 (subunit B) and 13-16, 34 -44, 227-233, 236, 253-254, and 258 -264 (subunit D) (Fig. 2, gray shading) , and those near the 16 -20 bp regions of the LTRs are 228, 231-232, 235, 262-263, 266 (subunit D) (Fig. 2, green highlight) . Because the model is unlikely to predict the exact conformation of the LTRs or IN tetramer, more distal potential interacting residues were noted; these included residues 2 (subunit C), 9 (subunit D), and 124 -125, 128 -129 (subunit A).
The consensus alignment of HIV-1, SIV, and ASV IN amino acid sequences was then used to identify which predicted DNA contact res- idues are unique for each retrovirus (Fig. 2 , blue highlight on the ASV sequence). We prepared a series of HIV-1 IN derivatives (compiled in Table 1 ), which substituted amino acids found in ASV IN into the structurally equivalent position of HIV-1 IN, to determine whether these substitutions change the specificity for recognition of the LTR ends. We refer to each derivative by the HIV-1 IN position from the N terminus (i.e. S171-172 substitutes amino acids at positions 171 and 172). The base pair regions in the LTRs that are predicted to interact with these amino acids are listed in the second column of Table 1 . These predictions represent our best structural estimate of the closest positional contacts. Where amino acids are adjacent to one another in the linear sequence, they have been changed as a contiguous block to reduce the number of derivatives to be analyzed (i.e. see S160 -161). Two types of control substitutions were tested. First, S124 -125 and S128 -130 test changes in the distal region that may provide additional LTR contacts. Second, S193, S197, and S200 -201 test changes in the region that is predicted to be occupied by target DNA. We have introduced ASV amino acids into the HIV-1 IN because the specific activity of the RSV enzyme is greater than that of HIV-1. Also ASV IN is more soluble than HIV-1 IN. In some cases, there are structural insertions or deletions of amino acids observed between the enzymes. For one example, the region around residues 54 -57 has an insertion in ASV compared with HIV-1 IN. In these cases, we have analyzed the effect of the amino acid exchanges on either side of the insertion independent of one another.
Purification of Chimeric HIV-1 INs-To test the contribution of specific amino acids in HIV-1 integrase to its function, we constructed and purified a series of cognate recombinant derivatives, which substitute amino acids from the ASV IN into the structurally related position of HIV-1 (see Table 1 ). The purification procedure involves expressing HIV-1 IN with an N-terminal linked poly-His tail, purifying IN successively on a Ni 2ϩ column followed by a heparin column. The poly-His tail was removed from S160 -161 and S153 by thrombin cleavage, and the IN was further purified by binding and eluting from the Ni 2ϩ resin. Each of the purified chimeras was analyzed by SDS-PAGE, 10 of which are shown in Fig. 1S in the supplemental data. A single protein band of protein was detected after Coomassie Brilliant Blue staining, indicating that in each case the protein preparations were more than 95% homogenous. This purification procedure is identical to that used for the wild type HIV-1 IN. The wild type HIV-1 IN cleaves its homologous HIV-1 duplex substrate but does not cleave the comparable ASV substrate (Fig.  3, A and B) . This indicates that the chimeras are free of nonspecific nucleases. As a further control for contamination, we carried out the same purification procedure but did not induce the expression of a chimera (mock purification). The final fraction does not 3Ј-process the HIV-1 U5 LTR duplex (Fig. 3C) .
In constructing the HIV-1/ASV IN chimeras we used an HIV-1 IN derivative, p28bIN-3CS-F185H. This enzyme contains Ser substituted for Cys 56 , Cys 65 , and Cys 280 , and His substituted for Phe 185 , all of which improve the solubility properties of the enzyme. Positions 56 and 280 have different amino acids among the structurally aligned enzymes (see Fig. 2 ). Therefore, it seems possible that these substitutions could alter the specificity for recognition of the LTR substrates. To test this possi- bility, we compared the 3Ј processing activity catalyzed by 3CSF185H to wild type IN using duplex oligo substrates representing both the HIV-1 U5 LTR and the ASV U5 LTR ends (Fig. 3) . Both enzymes processed the HIV-1 U5 LTR to yield the Ϫ2 product (Fig. 3A) . The main difference detected was an ϳ5-fold lower specific activity for the 3CSF185H enzyme compared with wild type IN. ASV IN does not cleave the HIV-1 substrate. With the ASV substrate, no activity was detected with the wild type HIV-1 IN, whereas the 3CSF185H had barely detectable activity (Fig. 3B) . As expected, the wild type ASV IN cleaved the ASV duple substrate. Taken together, these results indicate that the substitutions introduced into the HIV-1 IN to enhance its solubility had little effect on the specificity for processing of the LTR substrates. We therefore used the plasmid encoding 3CSF185H HIV-1 IN as the base construct for introducing codons for ASV amino acids in structurally related positions.
The Effect of Specific Amino Acid Changes on Integrase Function-We screened the purified chimeras for changes in their 3Ј processing activity with the U5 HIV-1 (20-mer) and the U5 ASV (18-mer) LTR duplex oligo substrates (Fig. 4) . Fig. 4A shows that HIV-1 IN processes HIV-1 U5 duplex oligo to produce the Ϫ2 product (lanes 1 and 11) ,whereas the ASV IN does not (lanes 9 and 12) . Of the 12 chimeric HIV-1/ASV enzymes analyzed, 10 showed some loss in specific 3Ј processing to different extents than the HIV-1U5 LTR substrates compared with the parental protein, whereas two derivatives (S160 -161, S255) showed little or no change. The activity of these same enzymes for the duplex U5 ASV LTR substrate is shown in Fig. 4B . In this case, the ASV IN cleaves the homologous substrate (Fig. 4B, lanes 9 and 12) , whereas the HIV-1 IN has very limited activity (lanes 1 and 11) . Nine of the chimeras had no specific cleavage activity with the ASV U5 duplex substrates. In contrast, the S171-172, S160 -161, and S163-165 derivatives appear to 3Ј process the ASV substrate (Fig. 4B, lanes 3, 5, and 6 , respectively) to form the Ϫ2 product, which is not seen with the wild type HIV-1 IN (lane 1). These results were repeated but using the ASV U3 20-mer duplex oligo substrate, and the results were the same as shown in Fig. 4B using the ASV U5 duplex substrate (data not shown).
We performed enzyme titration curves and time courses of reaction for formation of the Ϫ2 product with the ASV U5 substrate for several of the chimeras. The titration for the S160 -161 derivative shows an increase in Ϫ2 products with the addition of increasing amounts of the chimera to the reaction (Fig. 2S-A in the supplemental data) . A similar increase in accumulation of the Ϫ2 product was observed with a fixed enzyme concentration but increased time of incubation (data not shown). In contrast, the S156 -157 chimera shows no concentration dependence for formation of the very small amount of Ϫ2 product observed (Fig. 2S-B in the supplemental data) . This result indicates that the inability to detect the specific 3Ј processing product is not related to the amount of enzyme added but is due to an amino acid substitution that inactivates the catalytic processing of the enzyme.
Inhibitors of HIV-1 Integrase Can Define the Enzymatically Active Structure-Naphthyridine carboxamide, L870,810, inhibits the strand transfer activity of HIV-1 integrase (60). It was reported that when L870,810 was added to cells infected with different strains of HIV-1 in vivo, mutations encoding F121Y, T125K, V150I, and V72I substitutions arose in the integrase coding region. In animals challenged with SHIV 89.6p and then treated with L870,812, another napthyridine carboxam- ide derivative, there was the rapid appearance of a mutation encoding a N155H substitution in the integrase coding region that induced resistance to the drug (61) . No genetic changes were found in the U5 or U3 LTR regions. Integrase inhibitors L731,988 and L708,906, which inhibit IN with a mechanism similar to naphthyridine carboxamide, also selected for viruses with resistance to the drugs. The mutant viruses encode integrase substitutions T66I, L74M, S153Y, M154I, N155S, and S230R (62-64). The 10 IN positions associated with drug resistance are listed in Fig. 2 (bold letters above the HIV-1 sequence) . Our sequence comparisons show that amino acids at positions 72, 74, 125, 153, and 230 are unique among the aligned HIV-1, SIV, and ASV protein sequences. We therefore prepared three chimeric HIV-1/ASV enzymes, S72, S153, and S125, and analyzed their activity with HIV-1 and ASV U5 substrates (Fig. 5) . The activity for the S125 chimera was greater than the 3CSF185H HIV-1 IN for the HIV-1 substrate. In contrast, the S72 and the S153 enzymes showed decreased activity with the HIV-1 substrate to different extents with a concomitant detectable activity for the ASV substrate. These results indicate that two of the three sites tested in which amino acid positions are associated with drug resistance also affect specific recognition of the LTR termini.
Specificity of the 3Ј Processing Reaction-In most of the chimeras analyzed to date (except S54, S125, S197, S200 -201, and S255), we observed a significant increase in the nonspecific Ϫ1 product with both the ASV and the HIV-1 substrates compared with 3CSF185H (Figs. 4  and 5 ). This indicates a loss in specificity compared with parental protein even though the correct Ϫ2 products are detected for some of the enzymes. As noted above, this nonspecific cleavage activity is not due to a nuclease contaminant in the IN preparations. Rather, we believe that it is related to the fact that there are multiple contacts between the amino acids on the HIV-1 IN surface and the LTR substrates and that the chimeras change only a few of these contacts in any given enzyme tested. This could cause a loosening of the specificity. If this hypothesis is correct, as we combine multiple amino acid substitutions that are involved in specific recognition of the LTR ends into a single construct, we would predict that there will be an increase in the specific cleavage of the ASV LTR substrate. To test this hypothesis, we combined the S171-172, S153, S72, and S163-165 substitutions in an enzyme referred to as S4C. This enzyme is catalytically active with the ASV U5 LTR substrate (Fig. 6) . Furthermore, the amount of the Ϫ2 product has increased significantly relative to the nonspecific Ϫ1 cleavage product that was observed with the individual enzymes (Fig. 6) . As a further control for nonspecific nuclease, we combined the S197 derivative, which inactivates HIV-1 IN, with the S4C enzyme in 3CSF185H backbone and found that this mutant lost its ability to specifically 3Ј process the ASV and HIV-1 duplex substrates to form the Ϫ2 product (data not shown). Finally, Fig. 7 shows the activity of the S160 -161 and the S153 enzymes with the ASV U3 LTR duplex substrate is the same before and after removal of the poly-His sequence from the enzyme. Therefore, the change in specificity observed with the above chimeras is not related to the presence of the poly-His sequence on the N terminus.
DISCUSSION
A model of an HIV-1 IN tetramer with two bound LTR termini (20 base pairs) was assembled using published structural and molecular dynamics simulations. This model predicts that LTR DNA binds between the catalytic domain of one subunit and the C-terminal domain of another subunit. We modeled 20 base pairs of the LTR termini into the structural model because Li and Craigie have isolated MuLV preintegration complexes and demonstrated by nuclease sensitivity studies that at least 16 base pairs of the LTR ends are protected from digestion, 3 and in vitro reconstituted IN reactions suggested that at least 16 bp of the LTR ends were required to support a concerted DNA integration reaction (16 -17) . The positioning of the 3Ј ends of the LTR DNA places them adjacent to the active site Asp residues. This positioning is in agreement with the reported cross-linking of viral DNA to peptides 49 -69, 139 -152, 247-270, 271-288, and 153-167 (13, (31) (32) 34) . For example, the 5Ј A1 end of the LTR is predicted to lie close to Tyr 143 and Gln 148 , and C2 is near residues in peptides 51-64, as shown by photocross-linking results of Esposito and Craigie (13) . Gao et al. (66) showed by disulfide cross-linking that Glu 246 is close to A7; however, in our model this residue would be closer to the bp 10 -15 region. This discrepancy may be due to bending and other conformational changes in the DNA that have not been modeled, as the exact change is difficult to predict. Furthermore, there is good agreement of predicted interactions of DNA with Lys 156 , Lys 159 , and Lys 160 and mutational and cross-linking analysis with nucleotide analogs that identified these residues (33) . The predicted IN interactions with viral DNA in the structural model are also in agreement with the results of many mutagenesis studies. Sayasith et al. (67) used site-directed mutagenesis to show the importance of residues Glu 152 , Pro 145 , and Lys 156 for 3Ј processing, integration, and disintegration, and these residues are all close to the LTR in our model. Table 1 (69) . Several other groups have developed predictions and models for the IN complex(es) with DNA that differ from our model in the orientation of the DNA or the number of subunits forming the binding site. Predictions for the location of DNA binding sites were made in conjunction with the description of the two different two-domain IN crystal structures (49 -50) . These predictions suggested that viral DNA bound more similarly to the DNA in complex with Tn5 transposase (39) . However, in our model the LTRs are oriented at a different angle and interact with a different surface of the C-terminal domain. Theoretical models also have been produced, and several were compared recently (70) . Some models were based on the crystal structure of the catalytic and C-terminal domains of SIV IN (71) , in which two C-terminal domains are adjacent in the dimer, and both were predicted to interact with DNA. Our model predicts that each LTR binds to one C-terminal domain.
Other models, such as that of Podtelezhnikov et al. (72) , predict that the viral DNA binds to one subunit, whereas our model predicts that LTRs bind two subunits in the IN tetramer. Furthermore, our model is the only one that has been evaluated by mutational analysis to change the LTR specificity.
We tested our IN/LTR DNA model by substituting ASV for HIV-1 IN amino acid residues predicted to be near the LTR ends and that are in structurally related positions. We identified five chimeras in which substitutions left a catalytically active integrase with a changed specificity preference for the ASV IN substrate. The fact that such a high percentage of the total chimeras tested resulted in a change in specificity for the LTR substrates argues that the placement of the LTRs in our structural model is reasonably accurate. A fourth IN sequence, MMPV, has now been added to the structural alignment (73) . Those residues that change specificity are also unique to the MMPV sequence. All of the amino acid residues identified so far that determine specificity reside in the central core domain of IN, which contains the catalytic DDE triad. Although more than 35 amino acids were identified in the initial analysis as potential candidates for interaction with the LTR termini, we would expect only some of them to be involved in site-specific recognition. When changes are introduced at key amino acids that interact with the base pairs in substrate DNA, we expect to observe changes in the enzyme that affect specificity without catalytically inactivating the enzyme. In contrast, substitutions at sites near but not directly interacting with the substrate may result in spatial alterations in the structure of IN that distort the active site or prevent key residues from interacting with substrate. In this case, we would expect to lose catalytic activity with both the HIV-1 and the ASV DNA substrates. With two exceptions, this appears to be the case with the chimeras that do not cleave the ASV substrate.
In the structural model, the two LTRs are placed in different grooves on the surface of the IN tetramer, and the two processed ends face one another (Fig. 1C) . This positioning would facilitate the nucleophilic attack of the 3Ј-hydroxyl ends of the CA strand on respective strands of the target DNA. In examining the model, we noticed that there is a second trench on the enzyme surface that is almost perpendicular to the grooves accommodating the LTRs (indicated by the black arrow in Fig.  1C ). We speculate that the target DNA would fit into this second groove, which would bring it adjacent to the catalytic site residues of IN and both 3Ј-hydroxyl ends of the LTR ends. The flexible loop of residues 140 -150 may move to provide a gateway for correct binding of the target DNA. Consistent with this hypothesis, we find that there are a series of charged residues along the length of the trenches predicted to bind target DNA, which could be involved in nonspecific binding of the DNA to the enzyme surface. Many of these residues are structurally conserved between the different HIV-1, SIV, and ASV INs, which would be consistent with the fact that integrase uses many sites for integration into the target DNA. Moreover, cross-linking experiments by Heuer and Brown (31, 32) using model disintegration substrates indicate that Table 1 for specific amino acid substitutions): S72, lane 2; S125; lane 3; S153, lane 4. Notations used are as in Fig. 3 . HIV-1/ASV chimeras S160 -161 and S153 (as indicated) were purified as described under "Experimental Procedures," and the poly-His tail was removed by thrombin cleavage. The 3Ј processing activity of the enzyme with (ϩ) or without (Ϫ) the poly-His tail on ASV U3 LTR ends was carried out as described under "Experimental Procedures."
the target DNA portion of the model substrate cross-link to IN peptides that contain many of the basic residues described above.
Although the LTR ends face one another, the 3Ј processed hydroxyl ends are ϳ33 Å apart. Because the double helix of B-DNA is about 20 Å in diameter, the separation of the LTR termini would position them for insertion into the two strands of target DNA in a staggered manner, thus providing a mechanistic explanation for the 5-bp duplication of the cell DNA flanking the HIV-1 DNA after integration. We would predict that in ASV IN the spacing of the ends of the LTRs would be wide enough to produce the 6-bp duplication of the target DNA. Further studies are required to test the effects of the chimeric substitutions on the spacing associated with the joining reaction.
Of the five chimera HIV-1/ASV INs that change sequence specificity, the amino acids at positions 160 -161, 163-165, and 171-172 are predicted to be near base pairs 5-11 of the LTR (see Fig. 1D ). The amino acid at positions 72 and 153 are adjacent to the active site residues near the CA dinucleotide end region of the LTRs. This indicates that there are multiple contact points along the LTRs with various amino acids on the HIV-1 IN surface that provide the specificity for the binding and processing reactions. The 5-11-bp region of the LTRs was previously shown in several studies to be important for 3Ј processing, strand transfer, and concerted DNA integration (13, 16, 20) . As a control, when amino acid substitutions were made in the HIV-1 IN at positions not predicted to be near the LTRs, such as S124 -125, S128 -130, S193, S197, and S200 -201, there was a significant decrease in 3Ј processing without any detectable change in specificity for the LTR substrates.
The substitution of amino acids that result in a change in specificity for the LTR DNA termini generally, but not exclusively, involves a change in a charged or polar amino acid side chain that could alter specific ionic or hydrogen bond interactions with the DNA. For example, S171-172 contains a Lys for His and a Gln for Leu change, S163-165 contains an Arg for Gly change and a Val for Gln, S160 -161 contains a Asp for Arg and an Arg for Ile change, and S153 contains an Arg for Ser change. In contrast, S72 contains a Trp for Val change, which could interact with the aromatic base on the DNA. Note that in cases where multiple substitutions of contiguous residues were made such as at the positions of residues 163-165, we do not know whether the specificity change is attributed to just one or to more than one residue that has been changed. Also, when amino acid substitutions are made in HIV-1 IN, they are present in all four subunits of the tetramer. Therefore, we cannot distinguish which subunits of the tetramer are contributing the amino acids that affect the specificity of LTR recognition by the enzyme. The structural model also predicts contacts between amino acid residues at the C terminus of IN and the 14 -16-base pair region of the LTRs (Fig. 1C) . These residues, such as Arg 231 , Asn 232 , and Arg 263 , are conserved among integrase proteins and therefore may not be important as a determinant of specificity for the LTRs. However, Asp 229 and Ser 230 are unique. Therefore, these residues may be involved in specific recognition of the LTR ends, and this is being tested.
None of the five chimeras that alter the LTR recognition has the strict specificity for 3Ј processing associated with the wild type enzymes in an Mg 2ϩ -dependent reaction. This is evident by the large amount of the Ϫ1 product that can be seen among the cleavage products, which is far in excess of what is observed with wild type or parental IN protein. There are also other smaller cleavage products detected on the gels (data not shown). The formation of these nonspecific cleavage products is most likely related to the fact that there are multiple contacts between the amino acids in the HIV-1 IN and the LTR ends and the chimeras change only some of these contacts. Evidence in support of this hypothesis is our observation that an enzyme that combines the substitutions of four chimeras shows a significant increase in the Ϫ2 product relative to the Ϫ1 product compared with the individual chimeras (Fig. 6) , and the smaller products are no longer observed. We would therefore anticipate that once all of the amino acid residues that are in contact with the LTR termini are identified and the substitutions are combined into a single construct, the specificity of this enzyme would more closely mimic that of wild type RSV IN.
The error-prone reverse transcription process of retroviruses caused by the lack of the 3Ј-to-5Ј exonuclease associated with reverse transcriptase leads to a population of viruses containing a large number of base substitutions in the genome sequence. When suboptimal concentrations of drugs targeting viral enzymes are administered to virus-infected cells or occur in patients who do not follow drug protocols, there is a rapid selection for drug-resistant enzymes. Like reverse transcriptase and protease (PR), we would predict that drug-resistant enzymes would appear for drugs targeting IN. The amino acids that change in developing the drug resistance are predicted to be among those that are involved in specific recognition of the substrates. For PR, for example, the amino acids involved in specific recognition of the polyprotein cleavage sites were found to be among those that change when drug resistance was selected (65) . Inhibitors of HIV-1 IN that function in the nanomolar range to inhibit the joining of the cellular and viral DNAs have been described (62) (63) (64) . Macrophage-and T cell linetropic strains of HIV-1 propagated in cells in the presence of L731,988 and L708,906, two diketo acid inhibitors of strand transfer, acquire specific mutations in the integrase coding region (M154I, S153Y, N155S, L74M, S230R, and T66I) that confer anti-retroviral resistance. L870,810 (60), a naphthyridine carboxamide inhibitor of HIV-1 integrase, selected the F121Y, T125K, V150I, and V72I mutations in the integrase coding region. The occurrence of specific drug-resistant mutations can be interpreted in relation to our structural model. Mutations F121Y, T125K, V150I, V72I, T66I, S153Y, M154I, and N155S have been observed when drug resistance arises to IN inhibitors in infected cells (60, (62) (63) (64) . The majority of these mutations are predicted to lie near the IN catalytic site, which is expected to be very sensitive to structural distortions produced by mutation. Met , and Phe 121 lie in an internal hydrophobic region at the back of the catalytic site where even small structural distortions due to conservative changes in amino acid side chain can have significant effects on activity. Other mutations such as S230R alter residues in the C-terminal domain that are predicted to interact with the LTR, whereas Thr 125 lies about 10 Å from the LTR in the 10 -15-bp region. Interestingly, both of these residues were Lys in the resistant mutant, and the basic lysine side chain can enhance the binding of the negatively charged DNA.
Of the 10 positions identified in drug-resistant INs, five contain unique amino acids in the structurally related positions of HIV-1, SIV, and ASV IN. This finding suggested that some of these positions might be involved in specific recognition of the LTR DNA. To test this hypothesis, we constructed three chimeras that substituted RSV amino acids (not the drug-resistant amino acid) into HIV-1 IN positions 72, 125, and 153. Positions 72 and 153 are near, whereas position 125 is distal to, the LTRs in the structural model. The S72 and S153 chimeras, but not the S125 chimera, demonstrated a change in specificity for recognition of the LTR ends. Therefore, the mechanism of inhibition by these drugs is not strictly related to the strand transfer reaction but can affect the early steps in the integration mechanism in recognition of the LTR termini.
In the case of a position 153 chimera, it gains the ability to 3Ј process the RSV LTR duplex with only a small decrease in its ability to 3Ј process the U5 HIV-1 duplex substrate (Fig. 5 ). As such, we would predict that this muta-tion by itself would have a small effect on replication of HIV-1 in cells. Lee and Robinson (63) have analyzed the HIV-1 IN mutant S153Y and demonstrated that this mutation causes only a small delay in virus replication. The S153R, studied in this report, has been analyzed recently in the context of the virus system in cells and found to have little or no detectable affect on viral replication (68) . In contrast to position 153, the substitution at position 72 (V72W) changed to a larger extent the specificity for 3Ј processing from the HIV-1 to the RSV LTR (Fig. 5) ; we noted a 10-fold decrease in processing of the U5 HIV-1 LTR duplex substrate by this chimera. On this basis, we would predict that the V72I drug-resistant mutation would be found only in the presence of other substitutions. This appears to be the case because the V72I substitution is reported only in combination with the F121Y and T125K substitutions (60) . This finding argues that the presence of these second site mutations compensate for the affects of the V72I substitution on LTR recognition. As shown in Fig. 5 , we have already demonstrated that the T125S substitution increases the 3Ј processing of U5 HIV-1 LTR duplex so that it could compensate for the low activity caused by the V72I mutation
